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INTRODUCTION 

This  study^examined  different  mechanisms  for  the  action  and  modulation  of  botulinum 
neurotoxin  (BoTx)*A  light  chain  (LC)  that  focus  on  the  notion  that  it  acts  by  inhibiting  exocytosis 
at  the  level  of  vesicle  fusion  with  the  presynaptic  plasma  membrane,  and  identifies  the  minimum 
and  specific  sequence  contained  in  the  heavy  chain  (HC)  that  is  responsible  for  the  ion  channel 
activity.  Powerful  new  approaches  are  used  in  concert  to  understand  this  fundamental  question. 
The  results  of  this  program  are  contributing  towards  the  development  of  a  structure-function  map 
of  BoTxA  that  may  lead  to  strategies  to  prevent  or  relieve  the  transmitter  release  blockade  exerted  at 
nerve  terminals  that  accounts  for  its  neuroparalytic  toxic  action. 

Clostridial  neurotoxins  produced  by  Clostridium  botulinum  arid  Clostridium  tetani  are  some 
of  the  most  potent  neuroparalytic  agents  known  to  man  and  the  causative  agents  of  botuhsm  and 
tetanus  (1,2).  Paradoxically,  BoTx  A  is  also  an  effective  therapeutic  agent  for  certain 
neuromuscular  disorders  associated  with  muscle  spasms  such  as  strabismus  and  dystonias  (3). 
BoTxA  and  its  related  serotypes  produce  flaccid  paralysis  in  skeletal  muscles  by  blocking 
exocytotic  acetylcholine  release  at  the  neuromuscular  junction  (1,2). 

Botulinum  neurotoxins  are  soluble  proteins,  produced  by  the  bacteria  as  a  single  chain  of 
M,  150,000  (1,2).  The  holotoxin  undergoes  proteolytic  cleavage  yielding  a  fully  active  dichain 
polypeptide  composed  of  a  heavy  chain,  Af,  100,000,  and  a  light  chain,  50,000,  linked  by  a 
disulfide  bond.  The  LCs  of  these  neurotoxins  are  Zn^'^-metalloproteases  that  selectively  cleave 
proteins  involved  in  targeting  to  and  fusion  with  the  plasma  membrane  of  presynaptic  vesicles, 
thereby  blocking  neurotransmitter  release  into  the  synaptic  cleft  (4-13).  A  Zn^^-binding  motif 
characteristic  of  a  family  of  Zn^^-endopeptidases  has  been  identified  in  the  LC  of  the  seven 
isoforms  of  BoTx  and  of  TeTx.  The  consensus  sequence  is:  DPALTLMHELIHALHGLYG  (13- 


Recent  studies  on  the  biochemical  dissection  of  the  components  involved  in  the  fusion  of 
secretory  vesicles  with  the  plasma  membrane  have  set  BoTxs  at  the  center  of  this  process.  The 
information  accrued  in  recent  years  has  led  to  the  formulation  of  the  SNAP  receptors  (SNARE) 
inodel  to  describe  the  final  steps  of  the  secretion  cascade  (15-24).  The  SNARE  hypothesis 
distinguishes  three  distinct  stages  in  the  pathway,  namely  docking,  priming  and  fusion.  Vesicle 
docking  refers  to  the  process  by  which  cargo  vesicles  are  targeted  to  the  plasma  membrane  at  the 
active  zone,  although  they  are  not  competent  for  Ca^‘''-triggered  fusion  (4).  After  docking,  vesicles 
are  activated  by  an  ATP-dependent  step  known  as  vesicle  priming.  Primed  vesicles  are  readily 
releasable  in  response  to  a  transient  Ca^"^  elevation  that  triggers  the  fusion  event. 

Biochemically,  docldng  is  associated  with  the  formation  of  a  7S  ternary  complex  involving 
the  vesicle  membrane  protein  synaptobrevin,  also  known  as  vesicle  associated  membrane  protein 
(VAMP)  which  is  the  vesicle  SNARE  (v-SNARE),  and  two  plasma  membrane  proteins  SNAP- 
25  and  syntaxin  which  comprise  the  target  SNARE  (t-SNARE)  (17-27).  Vesicle  priming  is 
initiated  by  binding  of  the  soluble  proteins  NSF  (for  N-ethyhn^eimide-sensitive  factor,  an 
ATPase)  and  SNAPs  (for  soluble  NSF  attachment  proteins,  which  are  not  related  to  SNAP-25)  to 
the  SNAP  receptors  (4,23).  Specifically,  VAMP  binds  to  the  SNAP-25-syntaxin  heterodimer 
forming  a  ternary  core  complex  that  serves  as  a  receptor  for  SNAPs  and  recruits  NSF  forming  a 
20S  complex  (17-21,24-29).  ATP-hydrolysis  by  bound  NSF  energizes  the  secretory  vesicles 
to  the  primed  state,  in  which  they  are  ready  to  fuse  with  the  plasma  membrane  and  release  their 
content  in  response  to  the  Ca^-"  signal  (16-23,30).  The  identification  of  an  ATP-dependent,  slow 
component  in  the  final  steps  of  the  exocytotic  cascade  lends  support  to  the  SNARE  hypothesis. 

The  discovery  that  Clostridial  neurotoxins  target  specific  components  of  the  v-SNARE  and 
t-SNARE  has  contributed  to  our  knowledge  of  the  molecular  entities  comprising  the  exocytotic 
machinery,  as  well  as  the  molecular  events  involved  in  Ca^*-mediated  neuroexocytosis.  Botulinum 
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neurotoxins  B,  D,  F,  and  G,  and  the  structurally  related  tetanus  toxin  specifically  cleave  VAMP  at 
different  sites  (6,15,31,32),  whereas  BoTxA  and  E  cleave  SNAP-25  at  the  C-teminus  (1 1,12,33), 
and  BoTx  C  cuts  syntaxin  and  SNAP-25  (34-36).  Cleavage  of  any  of  these  proteins  prevents  the 
formation  of  the  core  complex  and  abrogates  Ca  -triggered  exocytosis  (4,5,15,18,23). 

As  summarized  on  page  10,  during  the  current  funding  period,  we  discovered  that  synthetic 
peptides  patterned  after  the  amino  acid  sequence  of  C-terminal  segments  from  SNAP-25  (37-39) 
are  specific  inhibitors  of  neurosecretion.  These  peptides,  for  which  the  term  ESUP  (Excitation 
Secretion  Uncoupling  Peptides)  was  coined  to  highlight  their  activity  (37),  are  useful 
pharmacological  tools  to  probe  the  functional  role  of  distinct  protein  components  in  the  secretory 
machinery,  to  dissect  the  contribution  of  specific  domains  in  the  protein-protein  interactions  that 
mediate  the  process,  and  to  identify  steps  in  the  exocytotic  cascade.  Peptides  that  imitate  segments 
from  synaptotagmin  (40,41),  SNAPs  (42),  and  synaptobrevin  (43)  have  also  been  reported  to  act 
as  inhibitor  of  neurosecretion.  The  use  of  this  new  set  of  reagents,  however,  remains  limited 
because  the  mechanism  underlying  their  inhibitory  activity  is  unknown.  Therefore,  as  described  on 
page  10,  we  characterized  the  molecular  steps  of  the  exocytotic  process  that  are  sensitive  to  the 
blocking  activity  of  a  20-mer  peptide  that  mimics  the  amino  acid  sequence  of  the  C-terminal  domain 
of  SNAP-25  (SNAP-25(187-206):  SNKTRIDEANQRATKMLGSG;  denoted  as  ESUP-A.  We 
showed  that  ESUP-A  arrests  Ca^'^-dependent  secretion  from  permeabilized  chromaffin  cells  by 
inhibiting  vesicle  docking. 

Protease  activity  is  not  sufficient  to  account  for  the  long  term  (several  days)  paralytic  effects 
exerted  by  BoTxA  nor  the  potentiation  of  its  neurotoxicity  by  external  stimuli  that  elevate  the 
iiitracellular  Ca^'*'  concentration  (1-3, 44-50).  These  facts  hint  important  differences  between  the  in 
vitro  and  in  vivo  forms  of  the  toxin  implying  potential  modulation  of  the  neurotoxins  by 
intracellular  regulatory  processes,  such  as  protein  phosphorylation. 

As  summarized  on  page  13,  during  the  current  funding  period,  we  discovered  that 
Clostridial  neurotoxins  are  substrates  of  protein  tyrosine  kinases,  that  tyrosine  phosphorylation 
produces  a  prominent  augmentation  of  their  proteolytic  activity  and  thermal  stability,  and  proposed 
that  the  phosphorylated  form  of  these  neurotoxins  may  be  the  physiological  active  species  within 
cells  (5U.  Demonstration  of  intracellular  tyrosine  phosphorylation  of  the  neurotoxin  by  selective 
stimulation  of  neuroendocrine  cells  underscores  that  tyrosine  phosphorylation  may  indeed  be  a 
missing  link  in  the  biology  of  Clostridial  neurotoxins  (51). 

BoTxs  LC  is  disulfide  linked  to  a  heavy  chain,  Mf  100  kD,  which  is  necessary  for  toxin 
internalization  (13,15).  BoTxs  have  an  inherent  propensity  to  insert  into  membranes,  especially  at 
acidic  pH  (cf.l3).  This  property  is  compatible  with  the  ion  channel  activity  observed  when 
BoTxA,  B,  C,  D  and  E  are  reconstituted  in  lipid  bilayers  (52-54).  It  has  been  proposed  that  such  a 
channel  is  the  conduit  through  which  the  LC  gets  access  to  the  cytosol  where  it  acts  (52-55).  The 
fiiiding  that  all  these  intracellularly  acting  toxins  enter  cells  by  endocytosis,  has  suggested  that  the 
acid  pH  of  eiidocytic  vesicles  induces  a  conformational  change  that  promotes  insertion  of  the  HC 
of  the  toxins  into  and  across  the  endosomes,  therefore  allowing  the  translocation  of  the  LC  catalytic 
moiety  into  the  cytosol  where  it  acts  (1,13,15,52-61).  This  model  implies  that  toxin  translocation 
and  channel  formation  are  related  phenomena  (62). 

The  amino-terminal  domain  of  the  HC  appears  involved  in  membrane  insertion  and 
translocation  (for  reviews  see  13,15),  and  contains  the  channel-forming  activity  of  BoTxA  (54). 
Sequence  analysis  suggests  the  occurrence  in  this  domain  of  an  amphipathic  stretch  sufficiently 
long  to  span  the  width  of  the  bilayer  as  a  transmembrane  helix  (63,64).  Conformational  energy 
calculations  suggest  that  such  a  motif  is  thermodynamically  feasible  and  compatible  with  the 
assembly  of  a  transmembrane  channel  by  the  clustering  of  four  a-helices  (63).  Image 
reconstruction  analysis  of  electronmicrographs  of  BoTx  inserted  in  membranes  suggests  the 
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occurrence  of  a  tetramer  as  the  structural  entity  underlying  the  BoTx  channel  (65).  As  summarized 
on  pagel5,  during  the  current  funding  period,  we  discovered  that  a  peptide  with  a  sequence 
corresponding  to  the  amphipathic  segment  of  BoTxA  HC  indeed  forms  ion  channels  in  lioid 
bilayers  (66).  ^ 

Thus,  in  spite  of  the  absence  of  a  high  resolution  structure  of  botulinum  neurotoxin  A,  two 
functional  modules  have  been  uncovered  in  the  protein  sequence;  A  Zn^^-binding  motif  associated 
with  the  metalloprotease  activity  of  the  light  chain;  the  second,  an  amphipathic  a-helical 
transmembrane  motif  associated  with  the  ion-channel  activity  of  the  heavy  chain.  Further,  tyrosine 
phosphorylation  produces  a  prominent  augmentation  of  the  BoTx  proteolytic  activity  and  thermal 
stability  suggesting  that  the  phosphorylated  form  of  these  neurotoxins  may  be  the  physiological 
active  species  within  cells.  Identification  of  these  modules  and  demonstration  of  modulation  by 
tyrosine  phosphorylation  suggests  specific  mechanisms  for  the  neuroparalytic  action  of  BoTxs  and 
provides  opportunities  for  pharmacological  intervention  in  botulinum  neurotoxicity. 

BODY 

EXPERIMENTAL  METHODS 


1.  Peptide  syntliesis,  purification  and  characterization 

Pppbdes  were  synthesized  by  solid-phase  methods  using  an  Applied  Biosystems  Model 
peptide  synthesizer  (ABI,  Foster  City,  CA)  and  purified  by  reversed-phase  HPLC  (63,66). 
The  purified  peptides  were  analyzed  by  electrospray  ionization  mass  spectrometry  using  a  triple 
quadrupole  mass  spectrometer  (Model  API  HI,  Sciex,  Thornhill,  Ontario,  Canada);  ionization  was 
done  at  a  flow  rate  of  4  pl/min,  as  described  (66). 


2.  Reconstitution  in  lipid  bilayers  and  single  channel  recordings 

r<Q  tin  formed  at  the  tip  of  patch  pipets  by  apposition  of  two  monolayers 

(po,5y,61,63,66).  L^id  monolayers  were  spread  from  a  lipid  solution  in  hexane  (5  mg/ml);  the 
lipids  were  4:1  POPE^OPC  [l-palmitoyl-2-oleoyl-j'n-glycero-3-phosphoethanolamine  (POPE) 
^d  l^alimtoyl-2-oleoyl-5n-glycero-3-phosphocholine  (POPC)]  (Avanti  Biochemicals,  Alabaster, 
AL).  P^tides  were  dissolved  in  tiifluoroethanol  (TFE)  and  added  to  the  aqueous  subphase  after 
bilayer  formation  to  the  final  concentration  indicated  in  figure  legends.  The  aqueous  subphase  was 
composed  of  0.5  M  KCl  or  NaCl.  1  mM  CaCl2  and  5  mM  Hepes  (pH  7.4)  Bilayer  experiments 
were  perfomed  at  24  ±  2  C.  Acquisition  and  analysis  of  single  channel  currents  were  as 
descnbed  (58,59,61  63,66).  Records  were  filtered  with  an  8-pole  Bessel  filter  (Frequency 
Services,  Haverhill,  MA)  and  digitized  at  0.5  ms  sampling  interval  using  an  Axon  TL-1  interface 
(Axon  Instoments,  Burlingame,  CA)  connected  to  a  PC.  pClamp  5.5  package  (Axon  Instruments) 
was  used  for  data  processing.  The  channel  recordings  illustrated  are  representative  of  the  most 
ircquently  observed  conductances  under  the  given  salt  and  concentration  conditions.  Single 
channel  conductance,  was  calculated  from  Gaussian  fits  to  currents  histograms  and  channel  open 
(To)  and  closed  (xc)  lifetimes  calculated  from  exponential  fits  to  probability  density  functions 
(59,63,66).  Openings  with  Xo  ^  0.3  ms  were  ignored,  n  denotes  number  of  experiments  and  N, 
number  of  events,  y,  Xq,  and  Xc  were  calculated  from  segments  of  continuous  recordings  lasting  t  > 
45  sec  and  with  N  >  500  events;  data  from  different  experiments  are  reported  as  mean  ±  SEM  The 
data  reported  include  statistical  analysis  of  7,000  single  channel  openings. 

3.  Conformational  energy  computations 

Molecular  modeling,  including  energy  mininuzation  and  molecular  dynamics  simulations, 
^  Graphics  IRIS  4D/21  GTX  workstation  using  the  INSIGHT  and 

DISCOVER  mdecul^ar  modehng  packages  of  Biosym  (San  Diego,  CA)  (63,66).  Low-energy 
arrangements  of  a-helices  and  four-helix  bundles  are  calculated  with  semi-empirical  potentM 
energy  functions  and  optimization  routines,  and  further  refined.  Constraints  are  used  for 
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symmetry  and  to  maintain  regular  helical  backbone  dihedral  angles  of  (j)  =  -45°  and  \j/  =  -60°  (66). 

4.  Purification  of  clostridial  neurotoxins 

Botulinum  toxins  were  purified  and  activated  as  described  (50):  50  pg  (200  pi)  of 
ammonium  sulfate  precipitated  BoTxA  were  centrifuged  at  14,000  rpm  in  an  Eppendorf  centrifuge. 
The  pellet  was  resuspended  in  50  pi  of  20  mM  NaH2P04,  150  mM  NaCl  pH  7.4  buffer  and 
dialyzed  against  the  same  buffer  for  2  h  at  5  °C.  Dialysis  was  performed  in  a  Pierce  System  100 
Microdialyzer,  using  1,000  daltons  Mr  cutoff  dialysis  membranes  (Pierce  Co.,  Rockford,  IL). 
Toxin  was  activated  by  incubation  in  10  mM  DTT  for  30  min  at  37°  C. 


5.  Phosphorylation  and  dephospho^lation  of  clostridial  neurotoxins 

The  tyrosine  phosphorylation  reaction  (final  volume  of  20-40  pi)  contained  20  mM  MgCl2, 
1  mM  EGTA,  1  mM  DTT,  20  mM  Hepes  (pH  7.4),  3-6  Units  of  Src  kinase  (UBI),  0.1  mM  ATP 
and  4  pCi  [y-  P]  ATP  (3,000  Ci/mmol).  Reactions  proceed  at  30  °C  for  the  indicated  times  and 
were  terminated  by  addition  of  SDS-PAGE  sample  buffer  or  200  pM  peptide  A  (Peninsula)  a 
specific  inhibitor  of  Src  (51).  PKC  (20  ng;  UBI)  phosphorylation  buffer  was:  20  mM  Hepes,  pH 
7.4,  0.1  mM  CaCl2,  10  mM  MgCl2,  0.25  mg/ml  L-a-phosphatidyl-L-serine  and  1  mM  DTT. 
Phosphorylation  by  PKA  (4  U;  Sigma)  was  as  described  (51).  Phosphorylated  samples  subjected 
to  SDS-PAGE  on  12%  gels  were  stained  with  Coomassie  blue  R-250,  destained,  dried  and 
exposed  to  Kodak  X-Omat  AR  x-ray  film.  Dephosphorylation  reactions  (15  pi)  contained  100  nM 
tyrosine-phosphorylated  BoTxA  and  50  ng  PTP- IB -agarose  conjugate  (UBI).  Reactions  proceed 
at  37  C  for  indicated  times,  and  were  terminated  by  centrifugation  at  14,000  rpm,  1  min.  The 
extent  of  BoTxA  dephosphorylation  was  assessed  by  SDS-PAGE  and  autoradiography. 

6.  Western  blot  and  immunoprecipitation  analysis 

For  immunoblots,  protein  bands  were  electrotransferred  onto  nitrocellulose  membranes, 
Md  blocked  with  3%  BSA  (51).  Proteins  were  detected  using  the  ECL  system.  For 
iminunoprecipitation  assays,  cells  were  stimulated  with  PBS  supplemented  with  indicated 
additives,  washed  with  cold  PBS,  lysed  with  cold  RIPA  buffer  (50  mM  Tris-HCl  pH  7.4,  150 
mM  NaCl,  1%  Nonidet  P40,  0.25%  deoxycholate,  1  mM  EGTA,  1  mM  NaF,  1  mM  Na3vb4,  1 
pg/ml  leupeptine,  1  pg/ml  pepstatine  A  and  1  mM  phenylmethylsulfonylfluoride,  incubated  and 
shaked  at  4  C  for  25  min.  Irisoluble  material  was  removed  by  centrifugation  at  10,000  x  g  for  30 
min  at  4  C.  Soluble  material  was  analyzed  by  immunoblot  or  used  for  immunoprecipitation. 
Tyrosine-phosphorylated  proteins  were  immunoprecipitated  with  antiphosphotyrosine  mAb  (clone 
4G10,  UBI)  (4  fig  mAb/mg  protein).  Immunocomplexes  were  captured  with  agarose-conjugated 
protein  G  (75  pi;  Pierce),  and  washed  six  times  with  500  pi  of  RIPA  buffer  at  4°C. 
Immunoprecipitates  were  dissolved  in  50  pi  of  SDS-PAGE  buffer,  boiled  5  min  and  analyzed  by 
SDS-PAGE  and  immunoblotting.  Blots  were  probed  with  anti-BoTxA  LC  mAb#9  and  anti-BoTxA 
HC  mAb#6.  Bands  were  visualized  using  the  ECL  system. 

7.  In  vitro  cleavage  of  SNAP -2 5 

In  vitro  translatioii  of  the  cDNA  clone  coding  for  SNAP-25  from  mouse  brain  (51)  in  the 
presence  of  [  Sjmethionine  (Amersham)  involved  a  transcription-translation-coupled  reticulocyte 
lysate  system  (Promega).  Cleavage  assay  was  conducted  at  30°C  using  BoTxA  at  the  indicated 
concentrations.  Samples  were  analyzed  by  SDS-PAGE  followed  by  fluorographic  detection,  and 
quantitated  using  the  public  domain  NIH  Image  program  vl.57. 

8.  Cell  culture 

■  u  PC  12  cells  were  propagated  in  RPMI 1640  medium,  supplemented 

serum-5%  bovine  fetal  serum,  at  37°C  in  a  humidified  incubator  with  5% 
CO^  (51).  For  NGF  differentiation  (50  ng/ml,  for  4  days;  GIBCO),  PC  12  cells  were  plated  at  a 

density  of  10®  cells/ml  on  75  cm^  culture  dishes  coated  with  rat  tail  collagen  (51).  For  intracellular 
neurotoxin  phosphorylation  experiments,  cells  were  incubated  with  100  nM  BoTxA  dissolved  in 
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PBS  for  12  h  at  37°C,  5%  CO2. Chromaffin  cells  were  prepared  from  bovine  adrenal  glands  by 
collagenase  digestion  and  further  separated  from  debris  and  erythrocytes  by  centrifugation  on 
Percoll  gradients  as  described  (37,38).  Cells  were  maintained  in  monolayer  cultures  at  a  density  of 
625,000  cells/cm^  and  were  used  between  the  third  and  sixth  day  after  plating.  All  the  experiments 
were  performed  at  37  °C. 

9.  Determination  of  catecholamine  release  from  detergent-permeabilized  chromaffin  cells 
Secreted  [^HJnoradrenaline  was  determined  in  digitonin-permeabilized  cells  as  described  P7,38). 
Briefly,  cells  were  incubated  with  [^H]noradrenaline  (1  |iCi/ml)  in  DMEM  supplemented  with 
0.56  mM  ascorbic  acid  during  4  h.  Thereafter,  monolayers  were  washed  4  times  with  a 
Krebs/HEPES  basal  solution:  15  mM  Hepes  pH  7.4  with  134  mM  NaCl,  4.7  raM  KCl,  1.2  mM 
KH2PO4,  1.2  mM  MgCl2,  2.5  mM  CaCl2,  0.56  mM  ascorbic  acid  and  11  mM  glucose.  Cell 
permeabilization  was  accomplished  with  20  pM  digitonin  in  20  mM  Pipes,  pH  6.8  with  140  mM 
monosodium  glutamate,  2  mM  MgCl2,  2  mM  Mg-ATP,  and  5  mM  EGTA.  This  incubation  was 
carried  out  in  the  absence  or  presence  of  100  mM  ESUP-A,  ESUP-A’^®’^,  or  100  nM  dithiothreitol 
(DTT)-reduced  BoTxA  as  indicated.  BoTxA  was  reduced  with  10  mM  DTT  for  30  min  at  37°C. 
Following  permeabiliption,  media  were  discarded  and  cells  were  incubated  for  10  additional  min 
in  digitonin-free  medium  in  presence  or  absence  of  peptides.  Basal  secretion  was  measured  in  5 
mMEGTA,  whereas  stimulated  secretion  was  measured  in  a  medium  containing  10  pM  buffered 
Ca  ^  solution.  Media  were  collected  and  released  catecholamines  as  well  as  the  total  cell  content 
were  determined  by  liquid  scintillation  counting.  Statistical  significance  was  calculated  using 
Student  t-test  with  data  from  4  or  more  independent  experiments. 

10.  Electron  microscopy  of  permeabilized  chromaffin  cells.-  Chromaffin  cells  (10® 
cells/well)  were  permeabilized  and  peptide  (100  pM)  or  DTT-reduced  BoTxA  (100  nM)  incubated 
as  described  above.  Cells  were  collected  by  low  speed  centrifugation  (lOOOxg  for  2  min)  and  fixed 
with  2.5%  glutaraldehyde,  2%  paraformaldehyde  in  0.05  M  cacodylate  buffer  at  pH  7.3  for  2  h. 
The  pellets  were  postfixed  in  1.33%  osmic  acid  during  1.5  h,  in  s-collidine  buffer  for  >2  h, 
dehydrated,  and  embedded  in  Epon  (38).  Thin  sections  (~0.5  mm)  were  obtained  using  a  Reichert 
Ultracut-E  ultramicrotome  (Vienna,  Austria).  Electron  microscopy  was  performed  using  a 
transmission  electron  microscope  (Zeiss  EM- 10,  Oberkochem,  Germany). 

Vesicle  density  distribution  was  estimated  in  digitized  micrographs  using  the  NIH  Image 
analysis  program.  For  each  chromaffin  cell,  the  distance  between  the  dense  core  granules  and  the 
plasma  membrane  was  measured  and  binned  using  a  bin-width  of  0.15  pm.  To  obtain  a  distance 
distribution  histogram,  the  number  of  granules  occurring  at  given  point  was  plotted  as  a  function  of 
the  average  distance  between  the  plasma  membrane,  defined  at  0  pm,  and  the  nuclear  membrane,  at 
~3  pm.  Data  are  given  as  mean  with  number  of  cells  n>5  for  each  treatment;  the  number  of  vesicles 
(v)  counted  per  cell  was  240<v<290,  and  the  experimental  error  10%<e<15%. 

MATERIALS: 

The  following  materials  were  kindly  provided  by  the  investigators  listed: 

BoTxA  and  BoTxE  (B.R.  DasGupta,  University  of  Wisconsin);  SNAP-25,  cDNA  for  SNAP-25 
and  anti-SNAP-25  polyclonal  antibody  (M.C.  Wilson,  Research  Institute,  Scripps  Clinic);  anti- 
SNAP-25  monoclonal  antibody  (Stemberger  Monoclonals  Inc.  Baltimore,  MD);  anti-VAMP 
antibody  (R.  Jahn,  Yale  University). 
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RESULTS 


DESIGN  OF  PEPTIDE  INHIBITORS  OF  NEUROSECRETION 
ESUP  Concept 

/-Q  1 1^  single  sites  along  its  C-terminal  domain  by  BoTxA  and  BoTxE 

’  •  1  *  T  1 o  1  disable  the  fusion  process  that  leads  to  secretion  by  inhibiting 

vesicle  docking  (4,5,17,18,23,24).  Presumably,  the  C-terminal  domain  of  SNAP-25  is  required 
for  the  competent  attachment  of  the  fusion  complex  to  the  plasma  membrane  that  precedes  the 
actud  fusion  event.  Tbs  implies  that  synthetic  peptides  designed  to  mimic  the  sequences  of  the  C- 
tennind  domain  of  SN^-25  may  inhibit  neurosecretion.  In  other  words,  the  peptide  uncouples 
excitation  from  secretion  We  therefore  proposed  the  term  ESUP  for  the  excitation-secretion 
uncoupling  peptide  (37).  If  this  concept  were  demonstrated  to  be  generally  valid  it  would  predict 
thati^ptides  designed  to  i^c  putative  sequences  that  bind  to  complementary  partner  sequences 
on  interacting  proteins  of  the  bsion  complex  may  abrogate  vesicle  fusion  and  transmitter  release.  It 
IS  anticipated  that  addition^  ESUPs  for  synaptobrevin  and  syntaxin  (40-43)  and  other  components 
of  the  fusion  complex  may  be  identified. 

Demonstration  of  Principle  and  Activity 

ro2+  ^  ^  20-mer  peptide  that  mimics  the  C-terminal  domain  of  SNAP-25  effectively  blocks  the 
Ca  -dependent  rele^e  of  catecholammes  from  adrenal  chromaffin  cells  without  affectine  the 
constitutive  exocytotic  pathway  (37).  This  is  illustrated  in  Fig  1 .  ^ 

The  peptide  concentration  required  for  half-maximal  inhibition  of  Ca'^-dependent  release  of 

Sequence  speciTic,  since  a  peptide  with  the^ same  amino  acid 
randomized  sequence  (ESUP-A-^^^)  is  inert.  Inhibition  requires  a  minimum 
Wh  suggesting  a  stmctural  constraint  to  support  an  active  conformation.  The  blocking 
effect  mirmcs  that  exerted  by  the  LC  of  BoTxA  and  E. 

Mechanism  Of  ESUP  Action:  Inhibition  Of  Secretory  Vesicle  Docking 

\vJc^  ,.Ir£'^'®'^<^^®d®xocytosis  from  permeabilized  chromaffin  cells  can  be  kineticaUy  dissected  in 
two  distinct  components  (67,68):  A  fast  component  that  may  be  detected  few  seconds  after  Ca'* 

S  T""-  ^°tal  ['H]NE,  followed  by  a  slow  component 

^  biphapc  behavior  of  catecholamine  release  has  been  associated 

exSvtSic  TicSe°  2T6qT°  secretory  granules  at  different  stages  of  the 

exwytotic  c^cade  (18-21,69).  The  fast  component  appears  to  represent  the  release  of 

^  population  of  primed,  readily  releasable  vesicles,  whereas  the  slow 
component  corresponds  to  a  pool  of  docked  vesicles  that  must  undergo  priming  prior  to  fusion 
and  other  releasable  pools  of  non-docked  granules  (16-21,67,69).  Incubation  of  peimeabilbed 
chromaffin  cells  with  100  pM  ESUP-A  inhibited  -60%  of  catecholamine  release  ^b^SmS 

btenng  the  slow  phase  of  secretion.  These  data  suggest  that  the  pool  of  primed  vesicles  is 
insensitive  to  the  action  of  ESUP-A  (38).  ^  piuucu  vesicies  is 

further  insights  on  the  specific  secretory  step  inhibited  by  ESUP-A,  we  attempted 
to  dissociate  the  two  distmct  components  of  the  exocytotic  process  by  performing  a  double  Ca'*- 

considered  that  a  short  (2  min)  Ca'*-pulse  iould  primarily 
on  docked  vesicles  A  subsequent  longed 
illLmted^n  docking  pnming  and  fusion  of  other  vesicle  pools.  As 

t  •  ^  -pulse  triggered  significant  exocytosis  of  ['H]NE  from  chromaffin 

cells  that  IS  highly  insensitive  to  100  pM  ESUP-A  (-10%  inhibition).  In  contrast!  ESUP-A 
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blocked  -80%  of  the  Ca^'^  -dependent  exocytosis  elicited  by  the  second,  longer  pulse.  A 
synthetic  peptide  with  the  same  amino  acid  composition,  yet  random  sequence  (ESUP-A'^^'^) 
blocked  only  -10%  of  the  Ca^'^-evoked  neurosecretion,  confirming  that  the  ESUP-A  inhibitory 
activity  is  sequence  specific.  Taken  together,  these  data  suggest  that  ESUP-A  inhibits  Ca^^'-evoked 
catecholamine  secretion  by  preventing  vesicle  docking  or  priming  at  the  active  zone,  yet  do  not 
argue  in  favor  of  one  or  the  other  (38). 

Catecholamine  release  from  chromaffin  cells  is  an  energy-dependent  process  requiring  ATP 
hydrolysis  to  induce  and  stabilize  the  primed  state  of  secretory  vesicles  before  the  Ca^'^-induced 
fusion  event  (16-22,67,68).  Vesicle  priming  is  composed  primarily  of  an  ATP-dependent 
component  followed  by  a  temperature-sensitive  step  that  leads  to  the  Ca*-induced  exocytosis  (68- 
70).  As  shown  in  Fig  3,  incubation  of  permeabilized  chromaffin  cells  with  100  jiM  of  ESUP-A 
attenuated  -60%  of  the  Ca^'^-induced  catecholamine  secretion  when  2  mM  ATP  was  present  in  the 
incubation  and  stimulation  media.  The  inhibitory  effect  was  sequence  specific  as  evidenced  by  the 
inertness  of  ESUP-A*^*^^.  Removal  of  ATP  from  the  incubation  and  stimulation  media  diminished 
-40%  of  the  Ca  ^-evoked  release  of  [^H]NE  (68-70).  Note  that  the  ATP-independent  secretion  was 
not  affected  by  ESUP-A.  As  expected,  ESUP-A  did  not  affect  the  temperature-sensitive  step  that 
follows  the  ATP-dependent  transition  (data  not  shown).  These  findings  suggest  that  ESUP-A 
interferes  with  the  steps  that  precede  the  ATP-dependent  activation  of  secretory  vesicles  (38). 

The  morphology  of  secretoty  granules  in  chromaffin  cells  treated  with  peptides  was 
exaimned  by  electron  microscopy  (Fig  4).  A  main  goal  was  to  detect  changes  in  secretory  granule 
distribution  induced  by  ESUP-A.  For  comparison  purposes,  the  effect  of  BoTxA,  known  to 
prevent  vesicle  docking  (71,72),  was  investigated.  Electron  micrographs  of  permeabilized, 
unstimul^ted  chromaffin  cells  display  a  random  distribution  of  dense  core  secretory  vesicles  (Fig 
4A).  Ca  -stimulation  induces  a  significant  depletion  of  granules  as  evidenced  by  the  reduced 
number  of  vesicles  in  the  cytosol  (Fig  4B),  in  accord  with  other  reports  (69).  Notably,  the 
presence  of  ESUP-A  produced  an  accumulation  of  vesicles  near  the  plasma  membrane  (Fig  4C), 
similar  to  that  produced  by  BoTxA  (Fig  4D)  (38). 

Frequency  distribution  histograms  show  that  unstimulated  (control)  chromaffin  cells  are 
characterized  by  the  occurrence  of  two  populations  of  cargo  vesicles:  a  predominant  population 
with  a  mean  distance  to  the  plasma  membrane  of  -0.5  gm,  and  a  second  most  frequent  with  a  mean 
distance  of  -2.3  |am.  Ca^'^-stimulated  exocytosis  in  control  cells  or  cells  incubated  with  100  pM 
ESUP-A  ^  decreased  the  total  number  of  vesicles,  as  evidenced  by  the  reduction  in  the  area  of 
both  granule  populations.  By  contrast,  treatment  with  100  pM  ESUP-A  or  100  nM  BoTxA  notably 
skewed  the  distribution  of  vesicles  towards  the  plasma  membrane,  resulting  in  the  virtual 
disappe^ance  of  the  population  centered  at  -2.3  pm  and  the  ensuing  increase  of  the  granule 
population  centered  at  —0.5  pm.  The  majority  of  vesicles  gathered  at  the  active  zone,  however,  are 
not  in  tight  contact  with  the  membrane,  lending  support  to  the  notion  that  ESUP-A  prevents  vesicle 
docking  (38). 


Thus,  the  20-mer  peptide  that  mimics  the  C-terminus  of  SNAP-25,  effectively  inhibits 
Ca  -dependent  exocytosis  in  endocrine  cells  by  preventing  the  docking  of  cargo  vesicles  at  the 
plasma  membrane.  ^  Our  results  with  ESUP-A  are  compatible  with  the  concept  that  the  peptide 
prevents  the  formation  of  the  docked  state  and  the  ensuing  intermediates  in  the  exocytotic  pathway. 
The  finding  that  ESUP-A  does  not  affect  the  fast,  ATP-independent,  Ca^"'-mediated  component 
suggests  that  its  site  of  action  is  upstream  of  the  fusion  event.  That  ESUP-A  abrogates  the  slow, 
ATP-dependent  (B=>C)  component  is  consistent  with  an  inhibition  of  the  formation  of  the  primed 
state  C,  either  by  blocking  the  transition  from  the  docked  state  B  to  the  first  step  of  the  priming 
process  or  by  inhibiting  vesicle  docking.  The  observation  that  ESUP-A  promotes  a  massive 
accumulation  of  secretory  vesicles  near  the  plasma  membrane  of  chromaffin  cells,  but  not  in  tight 
contact,  implies  that  the  peptide  blocks  the  formation  of  the  docked  state.  This  mechanism  of  action 
of  ESUP  (38)  is  similar  to  that  proposed  for  BoTxA  (71,72): 
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How  does  ESUP-A  prevent  vesicle  docking?  During  docking,  a  ternary  complex  involving 
VAMP,  SNAP-25  and  syntaxin  is  formed,  the  so-called  SDS-resistant  complex  (17-21,73).  A 
sequence  of  protein-protein  interactions  starts  with  binding  of  SNAP  proteins  to  the  ternary 
aggregate  and  recruitment  of  NSF.  The  next  step  involves  ATP-hydrolysis  that  energizes  and 
rearranges  the  core  complex  making  it  competent  for  Ca^*-induced  fusion  (17-21).  Since  the  C- 
terminal  domain  of  SNAP-25  binds  tightly  to  VAMP  during  docking  (20,73),  it  is  conceivable  that 
VAMP  is  a  complementary  binding  partner  for  the  peptide.  How  does  ESUP-A  binding  to  VAMP 
block  exocytosis?.  A  plausible  mechanism  considers  that  ESUP-A  competes  with  SNAP-25  for 
binding  to  VAMP  and,  thereby,  prevents  the  formation  of  the  critical  SDS-resistant  complex, 
comprising  SN./^-25-VAMP-syntaxin  (17-21,73,74).  Absence  of  this  ternary  complex  would 
hinder  the  association  of  SNAP  and  NSF  proteins  and  the  subsequent  ATP-hydrolysis,  therefore, 
preventing  vesicle  docking,  priming  and  fusion.  Two  findings  suggest  that  the  peptide  binds 
directly  to  VAMP  and  interrupts  the  subsequent  chain  of  protein-protein  interaction  events  that  lead 
to  vesicle  fusion.  First,  ESUP-A  promotes  the  accumulation  of  secretory  vesicles  near  the  active 
zone  (Fig.  4).  Second,  the  peptide  arrests  the  ATP-dependent  maturation  of  the  secretory  granules. 

ESUP-A  Mimics  The  Action  OfBotxa  On  Exocytosis 

As  indicated  in  the  scheme  BoTxA  and  ESUP-A  produce  comparable  effects  on  the  Ca^'*’- 
regulated  fusion  events  that  lead  to  transmitter  release.  Both  BoTxA  and  ESUP-A  inhibit  the  slow 
component  of  the  Ca^'*’-dependent  exocytosis  without  affecting  the  fast  component.  Both  attenuate 
to  a  similar  extent  the  ATP  primed  exocytosis  and  not  the  ATP-independent  exocytosis;  and  both 
increase  the  number  of  vesicles  accumulated  near  the  active  zone.  It  appears,  therefore,  that  BoTxA 
and  ESUP-A  block  exocytosis  in  chromaffin  cells  by  inhibiting  the  process  of  vesicle  docking 


The  finding  that  ESUPs  are  blockers  of  neurotransmitter  release  (37-39)  suggests  that 
BoTxs  disable  the  fusion  process  with  such  efficacy  by  a  synergistic  action  of  cleaving  the 
substrate  molecules  which  interact  through  non-covalent  interactions  to  assemble  into  a  fusion 
complex,  and  of  releasing  peptide  products  which  block  by  inhibiting  vesicle  docking.  This  implies 
that  saturation  with  peptides  designed  to  mimic  putative  sequences  that  bind  to  complementary 
partner  sequences  on  interacting  proteins,  and  combinations  thereof,  may  abrogate  vesicle  fusion 
and  transmitter  release.  The  notion  embodied  in  the  ESUP  activity  suggests  alternative  pathways  to 
regulate  synaptic  vesicle  exocytosis,  and  provides  novel  pharmacological  tools  to  unravel  the 
molecular  components  and  details  of  the  secretory  cascade.  The  fact  that  these  synthetic  peptides 
mimic  the  action  of  Clostridial  neurotoxins  provides  clues  to  develop  peptide-based  agents  that  may 
have  practical  medical  application  as  potential  therapy  in  disorders  associated  with  involuntary 
muscle  spasms. 
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MODULATION  OF  CLOSTRIDIAL  NEUROTOXIN  ACTIVITY  BY  TYROSINE 

PHOSPHORYLATION 

Phosphorylation  of  Clostridial  Neurotoxins 

Protein  tyrosine  phosphorylation  is  a  prominent  covalent  modification  of  the  dichain  150 
kDa  Clostridial  neurotoxins.  As  shown  in  Fig.  5a,  both  the  50  kDa  LC  and  100  kDa  HC  of 
botulinum  neurotoxin  serotypes  A,  B  and  E,  and  the  structurally  homologous  tetanus  neurotoxin 
were  found  to  be  specificaJly  phosphorylated  by  the  tyrosine  kinase  Src.  Incubation  of  the 
neurotoxins  in  presence  of  Src  and  [y-^^J-ATP  for  60  min  resulted  in  the  conspicuous 
incorporation  of  on  both  the  HC  and  the  LC  of  BoTxA,  BoTxE,  BoTxB  and  TeTx. 
Immunoblotting  with  anti-phosphotyrosine  specific  mAbs  displays  the  occurrence  of 
phosphotyrosines  according  to  the  banding  pattern  which  is  characteristic  of  these  neurotoxins 
(Fig.  5b).  Tyrosine  phosphorylation  appears  to  be  specific,  as  illustrated  in  Fig.  5c;  BoTxA  was 
not  effectively  phosphoiylated  by  protein-serine/threonine  kinases  such  as  PIO^  whereas  modest 
phosphorylation,  especially  of  the  HC,  was  obtained  by  PKC.  The  extent  of  tyrosine 
phosphorylation  was  time  dependent,  with  an  apparent  half-maximum  after  ~15  min  (Fig.  6a,  6c). 
At  saturation,  the  stoichiometry  of  phosphorylation  was  ~1.0  mol  ^^/mol  Tx  chain  for  both  the  LC 
and  the  HC,  suggesting  the  presence  of  a  unique  phosphorylation  site.  The  reaction  was  reversible 
as  demonstrated  by«  dephosphorylation  in  presence  of  FTP- IB  (Fig.  6b,  6c).  Together,  these 
results  demonstrate  that  Clostridial  neurotoxins  can  be  heavily  phosphorylated  specifically  at 
tyrosine  residues  (51). 

Tyrosine  Phosphorylation  Augments  The  Protease  Activity  Of  Clostridial  Neurotoxins 

Clostridial  neurotoxins  act  as  sequence  specific  endoproteases  to  cleave  certain  constituents 
of  the  synaptic  vesicle  docking/fusion  complex  (6-12).  To  assess  the  effect  of  tyrosine 
phosphorylation  on  proteolysis  of  its  substrate  the  efficacy  of  BoTxA  in  cleaving  in  vitro  translated 
SNAP-25  (51,75)  was  examined  (Fig.  6d,  6f,  Fig.  7).  Neurotoxin  activity  was  determined  by  a 
change  in  apparent  mobility  of  the  major  product  from  25  to  23  kDa  (11,12).  These  assays 
reveled  a  marked  increment  in  protease  activity  which  was  concurrent  with  the  increase  in  the 
extent  of  tyrosine  phosphorylation  and,  accordingly,  that  as  BoTxA  was  dephosphorylated  its 
activity  was  diminished  (Fig.  6c,e,f).  The  extent  of  tyrosine  phosphorylation  of  BoTxA, 
therefore,  correlates  with  an  increase  in  protease  activity  (51). 

We  next  compared  the  protease  activity  of  unphosphorylated  (U)  and  phosphorylated  (P) 
forms  of  BoTxA  and  BoTxE.  In  Fig  la,  the  BoTxA  concentration  dependence  for  cleavage  is 
shown  in  the  left  section  of  the  gels  (first  five  lanes,  left  to  right)  and  the  time  dependence  of 
proteolysis  in  the  right  section  (last  four  lanes,  left  to  right).  Panels  A  and  B  show  that,  at  10  nM, 
phosphorylated  neurotoxin  led  to  virtually  complete  substrate  cleavage,  whereas  at  50  nM 
unphosphorylated  neurotoxin  <50%  of  substrate  remained  uncleaved.  Moreover,  the  time  course  of 
the  assay  shows  that,  at  10  nM,  phosphorylated  neurotoxin  cleaved  practically  all  SNAP-25  within 
5  minutes  of  reaction,  whereas  the  unphosphorylated  neurotoxin  required  >30  min  to  achieve 
comparable  proteolysis.  Similar  results  were  obtained  for  BoTxE  (Fig.  la,  panels  C  and  D). 
Compared  to  BoTxA  which  cleaves  SNAP-25  at  Glnl97-Argl98  bond  to  release  a  nine  aa 
fragment,  BoTxE  cuts  between  Argl80-Ilel81  releasing  a  26  aa  fragment  (9,12),  which  resulted  in 
a  greater  separation  of  the  bands  corresponding  to  cleaved  and  uncleaved  SNAP-25  substrate. 
Similar  to  BoTxA,  tyrosine  phosphorylation  markedly  increased  the  protease  activity  of  BoTxE 
achieving  maximal  proteolysis  rate  at  lower  [BoTxE]  and  with  shorter  incubation  times.  These 
results  show  the  striking  augmentation  of  the  catal3^c  activity  of  BoTxA  and  BoTxE  that  is 
produced  by  specific  protein  tyrosine  phosphorylation  (51). 
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Tyrosine  Phosphorylation  Increases  The  Thermal  Stability  Of  Clostridial  Neurotoxins 

The  potentiation  of  protease  activity  produced  by  protein  tyrosine  phosphorylation  is 
accompanied  by  an  increase  in  thermal  stability  of  the  neurotoxins  (Fig.  7b).  Incubation  of 
phosphotylated  (P)  and  unphosphoiylated  (U)  forms  of  the  neurotoxins  at  22°C  and  37°C  prior  to 
the  addition  of  the  SNAP-25  substrate  showed  that  the  proteolytic  activity  decayed  substantially  in 
a  time-  and  temperature-dependent  manner.  Remarkably,  phosphorylated  neurotoxin  exhibited  a 
pronounced  stabilization,  evidenced  by  the  delayed  inactivation  of  its  proteolytic  activity  at  the 
temperatures  studied.  After  exposure  to  37°C  for  10  h,  phosphoiylated  neurotoxin  exhibited  >60% 
protease  activity  whereas  unphosphorylated  neurotoxin  was  virtually  inactive  in  ~  2  h.  Protection 
of  protease  activity  provides  evidence  of  thermal  stabilization  consequent  to  the  covalent 
modification  of  the  toxin  by  tyrosine  phosphorylation  (51). 

These  results  raised  the  intriguing  question  of  whether  tyrosine  phosphorylation  could 
restore  the  activity  of  thermally-inactivated  neurotoxin.  To  examine  this  issue,  BoTxA  was  first 
incubated  at  37  C  for  6  h  to  ensure  >90%  inactivation  (Fig.  7b).  Neurotoxin  was  then  separated  in 
two  samples,  one  of  which  was  phosphorylated  by  Src  for  60  min  at  30'’C,  prior  to  the  assay  of 
proteolytic  activity.  As  shown  in  Fig.  7c,  tyrosine  phosphorylation  reconstituted  the  protease 
activity  of  previously  inactivated  neurotoxin  whereby  phosphorylated  toxin  reached  maximal 
activity  at  lower  [BpTxA]  and  shorter  reaction  times  than  the  unmodified  neurotoxin.  Tyrosine 
phosphorylation,  therefore,  appears  to  regenerate  the  catalytic  activity  of  the  LC,  presumably  by 
promoting  the  proper  refolding  and  hence  active  conformation  of  the  protease  (51). 

Tyrosine  Phosphorylation  Of  Clostridial  Neurotoxins  Internalized  Into  Neurosecretory 
PCI2  Cells  ^ 

To  investigate  the  biological  significance  of  these  in  vitro  modifications  of  BoTxs  we 
examined  whether  the^  neurosecretory  PC  12  cells  would  effectively  phosphorylate  internalized 
BoTxA  at  tyrosine  residues.  PC  12  celts  express  high  levels  of  Src  which  can  be  exacerbated  by 
exposure  to  NGF  (76,77).  PC12  cells  were  therefore  incubated  with  100  nM  BoTxA  for  12  h 
before  lysis  and  cell  extracts  were  probed  with  an  antiphosphotyrosine  mAb.  In  NGF- 
differentiated  PC12  cells  exposed  to  BoTxA,  a  faint  band  comigrating  at  the  position  expected  for 
BoTxA  LC  was  labeled  with  the  antiphosphotyrosine  mAb,  suggesting  that  BoTxA  LC  is  tyrosine- 
phosphorylated  within  these  cells.  PC  12  cells  exhibit  Ca^^-dependent  neurotransmitter  release  (78); 
moreover,  it  is  interesting  that  PYK2,  a  protein  tyrosine  kinase  abundant  in  PC12  cells,  is  activated 
by  stimuli  that  elevate  the  intracellular  [Ca^^]([Ca^'^]j)  (49),  and  Ca^"^  influx  mimics  the  action  of 
NGF  on  neurite  growth  (46-48).  To  examine  if  induction  of  Ca^^  influx  would  enhance 
phosphorylation  of  internalized  BoTxA,  PC12  cells  were  incubated  with  100  nM  BoTxA,  lysed, 
^d  tyrosine  phosphorylated  proteins  immunoprecipitated  with  the  antiphosphotyrosine  mAb 
followed  by  SDS-PAGE.  As  shown  in  Fig.  8a,  immunoblots  probed  with  an  anti-BoTxA  LC  mAb 
revealed  a  prominent  band  corresponding  to  the  LC  only  in  cells  treated  with  BoTxA  after 
depol^zation  with  75  mM  KCl  leading  to  the  elevation  of  [Ca^"^];.  Omission  of  Ca^"^  markedly 
diminished  the  extent  of  LC  tyrosine  phosphorylation  (Fig.  Bb).  Together,  these  results  indicate 
that  BoTxA  internalized  by  NGF-differentiated  PC  12  cells  undergoes  strong  phosphorylation  by 
protein  tyrosine  kinases  (51). 

Modulation  Of  Neurotoxin  Activity  By  Intracellular  Signaling  Cascades 

These  new  findings  that  Clostridial  neurotoxins  are  substrates  of  protein  tyrosine  kinases, 
and  that  tyrosine  phosphorylation  results  in  prominent  augmentation  of  BoTx  proteolytic  activity 
and  thermal  stability,  suggest  that  the  phosphorylated  form  of  these  neurotoxins  may  be  the 
physiologically  active  species  within  neurosecretory  cells.  Indeed,  demonstration  of  intracellular 
tyrosine  phosphorylation  of  BoTxA  by  selective  stimulation  of  PC  12  cells  provides  strong  support 
to  this  idea.  To  our  knowledge,  the  results  show  for  the  first  time  that  a  family  of  bacterial 
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neurotoxins  is  regulated  by  protein  tyrosine  phosphorylation.  This  previously  unrecognized 
modification  of  BoTxA  may  therefore  provide  a  mechanism  to  explain  the  long  term  paralytic 
effects  exerted  by  these  neurotoxins,  from  several  days  in  cell  culture  up  to  several  weeks  even 
months  in  animtds  and  humans  and  can  account  for  documented  discrepancies  between  in  vitro 
frailty  of  these  neurotoxins  and  the  apparent  in  vivo  stability  as  inferred  from  their  long  term 
effects  (1-6,  44,45).  These  findings  also  raise  the  possibility  that  the  role  played  by  the  tyrosine 
phosphorylation  of  BoTxA  and  E,  which  disable  the  vesicular  fusion  process  required  for 
neurotransmission,  may  be  subject  to  regulation  by  intracellular  signaling  pathways  that  ultimately 
affect  vesicular  traffic.  These  cascades  involve  tyrosine  kinases/phosphatases,  G-proteins, 
phosphoinositides  and  calcium  (46-49,  79-83).  The  “calcium-connection”  is  significant  as  it  is 
known  that  tyrosine  kinase  activity  is  modulated  by  increases  in  [Ca^'^li  which  may  be  evoked  by 
extracellular  stimuli  and,  notably,  that  tyrosine  kinases  such  as  Src  and  PYK2  are  highly  abundant 
in  brain  and  neuroendocrine  cells  (4, 46-49).  The  potentiation  of  BoTxA  and  E  protease  activity  by 
tyrosine  phosphorylation  suggests  that  a  focus  on  intracellular  modulation  of  tyrosine  kinases  and 
phosphatases  as  a  new  means  of  intervention  in  botulinum  neurotoxicity  deserves  serious 
consideration  (51). 

IDENTIFICATION  OF  THE  ION  CHANNEL-FORMING  MODULE  IN  BOTULINUM 

TOXIN  A 

Sequence  Analysis 

Amino  acid  sequence  analysis  suggests  the  occurrence  of  a  potential  transmembrane 
segment  (TM)  in  BoTxA  HC.  This  segment  encompasses  amino  acids  659-681,  with  sequence 
GAVILLEFIPEIAIPVLGTFALV.  Hydropathic  power  spectral  analysis  confirms  the  assignment 
and  predicts  an  amphipathic  a-helical  structure  (63,64).  A  peptide  with  a  sequence  corresponding 
to  this  segment,  denoted  as  BoTxATM,  was  synthesized  and  purified  by  HPLC.  Electrospray 
mass  analysis  of  the  HPLC  peak  (Fig.  9)  shows  three  peaks.  The  principal  peak  with  m/z=\  199.0 
corresponds  to  a  material  with  a  measured  mass  of  2396,  the  expected  molecular  mass  [calculated 
average  isotope  composition  of  2395.96  daltons],  in  accord  with  the  anticipated  amino  acid 
composition  of  the  peptide.  The  m/z=  1210.0  represents  the  same  compound  with  Na"^  adsorbed 
whereas  the  peak  with  m/z=  1205.0  is  an  impurity  (66). 

Channel  Formation  By  BoTxATM 

A  peptide  with  a  sequence  corresponding  to  the  amphipathic  segment  of  BoTxA  HC  forms 
ion  channels  in  lipid  bilayers  (66). This  is  illustrated  in  Figure  10. 

The  most  common  pattern  of  channel  occurrences  is  in  the  form  of  bursts  of  activity. 
Within  these  bursts  of  activity,  the  residence  times  of  the  channels  in  the  open  or  closed  states  are 
not  uniform,  yet  they  present  a  consistent  pattern  with  occurrences  that  are  very  short-lived  (<  1 
ms)  and  others  which  have  residence  times  of  several  hundred  ms.  The  most  frequent  events  have 
a  single  channel  conductance  (y)  of  12  ±  1  pS  and  6.5  ±  1  pS  (n,  number  of  experiments,  =  17)  in 
symmetric  0.5  M  NaCl  [Fig  lOA,  B],  and  29  ±  2  pS  and  9  +  1  pS  (n  =  37)  in  0.5  M  KCl  [Fig  10 
C,  D].  The  current  histograms  identify  the  occurrence  of  two  discrete  states,  closed  and  open,  for 
these  primary  conductances.  These  are  illustrated  in  Fig.  IIA  for  the  y=  29  pS  in  KCl  and  in  Fig. 
1  IB  for  the  y=  12  pS  in  NaCl.  Discrete  openings  with  smaller  or  larger  conductances  are  also 
discerned.  Their  occurrence  is  sporadic  and  the  channel  open  times  of  the  larger  conductance 
events  are  significantly  shorter  Aan  those  of  the  primary  conductances.  The  heterogeneity  of 
conductance  species  observed  with  BoTxATM,  both  in  amplitude  and  in  the  time  that  the  channels 
remain  open,  is  anticipated  for  an  amphipathic  peptide  that  self-assembles  in  the  membrane  to  form 
non-covient  conductive  oligomers  of  different  sizes  (66). 
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The  BoTxATM  channel  is  ohmic,  as  illustrated  in  Fig.  12.  The  slope  conductance  is  12  pS, 
which  corresponds  to  the  y  of  the  most  frequent  channel  recorded  in  NaCl  (66). 

Sequence  Specificity  And  Controls. 

A  peptide  of  the  same  amino  acid  composition  as  BoTxATM  but  with  a  computer-generated 
random  sequence,  predicted  to  retain  a  propensity  for  a-helix  formation  was  synthesized.  The 
sequence  is  EAVLLILIFPALGIPIGVTAFVE .  This  peptide  interacts  with  bilayers,  as  manifested 
by  stray  fluctuations  in  membrane  current;  however,  it  does  not  form  discrete  conducting  events  (n 
=  4)  (data  not  shown).  These  results  support  the  specificity  of  the  identified  sequence  as  a 
candidate  for  the  pore  (66). 

Comparison  With  Authentic  Botx  Channels  And  Inferences  About  Functional  Role  Of  This 
Protein  Module 

All  isoforms  of  BoTx  form  ion  channels  in  lipid  bilayers  (52-54,60).  TeTx  forms  cation- 
selective  channels  in  lipid  bilayers  (52,58-61).  For  aU  these  toxins,  channel  formation  is  more 
effective  at  acidic  pH.  The  amino-terminal  fragments  of  the  heavy  chains  of  the  neurotoxins  form 
channels  which,  at  pH  7.0,  exhibit  heterogeneous  conductances:  For  BoTxB,  the  most  frequent 
openings  exhibit  y  .?=  15  pS  whereas  for  TeTx  y  =  45  pS,  in  IM  KCl  (52).  At  pH  4.0,  the 
predominant  single  channel  conductances  were  y  =  20  pS  and  y  =  15  pS,  respectively  (52).  These 
latter  values  approximate  those  measured  at  neutral  pH  with  the  peptide  mimics  BoTxATM  (66) 
and  TeTx  (63).  This  suggests  that  pH  may  be  necessary  to  drive  a  conformational  change  in  the 
holotoxin  thereby  exposing  the  transmembrane  sequence,  which  then  inserts  into  the  bilayer  core 
and  eventually  assembles  into  a  conductive  ohgomer. 

Concordant  with  expectations,  the  channel  properties  of  BoTxATM  approximate  those  of 
intact  authentic  toxin  (52,53).  BoTxATM  is  amphipathic,  and  when  inserted  into  a  membrane, 
presumably  assembles  into  an  oligomeric  transmembrane  structure.  The  tetrameric  organization 
inferred  from  image  reconstruction  analysis  (65)  suggests  that  a  channel  structure  may  be  modeled 
as  a  four-helix  bundle.  Conformational  energy  calculations  indicate  that  the  minimized  four-helix 
bundle  is  compatible  with  the  channels  observed  after  reconstitution  in  bilayers  (66).  The 
occurrence  of  prolines  at  positions  10  and  15  introduces  a  pronounced  kink  on  the  helices  and, 
therefore,  an  expansion  of  the  pore  diameter  at  this  level.  Transverse  sections  across  the  bundle 
indicate  the  occurrence  of  two  discrete  rings  of  carboxylates  generating  a  considerable  negative 
charge  within  the  pore.  Such  rings  may  underlie  the  cation  selectivity  of  the  toxin  channel.  The 
hydrophilic  residue  T19  also  faces  the  pore  lumen  and  may  contribute  to  the  permeation  properties 
of  the  channel.  Hence,  bundles  of  amphipathic  a-helices  fulfill  the  structural  and  energetic 
requirements  to  form  the  cation-selective  pore  identified  in  reconstitution  studies  of  the  intact  toxins 
in  lipid  bilayers  (52-54). 

The  toxin  channel  is  conjectured  to  be  involved  in  the  translocation  of  the  protein  across  the 
endocytic  vesicle  that  exposes  the  LC  protease  to  the  cytosol.  The  dimensions  of  the  channel, 
inferred  from  lipid  bilayer  measurements  of  single  channel  conductance  and  cut-off  size  of 
permeant  ions,  suggest  that  a  pore  diameter  of  ~8  A  would  be  compatible  with  the  permeation 
pathway  required  for  an  extended  peptide  chain  (52,54,60).  Our  findings  support  the  notion  that 
the  HC  may  act  as  a  channel  through  which  the  LC  enters  the  cytosol  (66).  It  will  be  interesting  to 
explore  if  the  BoTxATM  channel  is  blocked  by  the  LC  or  LC  peptides,  a  finding  that  would  lend 
credence  to  the  notion  that  the  channel  activity  is  involved  in  LC  translocation.  The  channel¬ 
forming  sequence  contained  in  the  toxin  HC  is  highly  conserved  in  all  BoTx  isoforms  and  in  the 
structurally  homologous  tetanus  neurotoxin  (63),  suggesting  a  functional  role  for  this  conserved 
motif.  The  consensus  sequence  is:  GAAILLEFIPELTIPVIGAFTIE  (66).  Identification  of  this 
functional  module  and  the  single  channel  assay  of  its  activity  provide  opportunities  for  screening 
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and  designing  BoTxA  channel  blockers  directed  to  abrogate  the  translocation  of  the  BoTxA  LC  into 
the  cytosol  and,  presumably,  interfere  with  its  cellular  toxicity. 

CONCLUSIONS 

A  most  exciting  outcome  of  this  program  is  the  ability  to  design  peptides  that  selectively 
block  neurotransmitter  release.  Indeed,  the  proteolytic  peptide  products  of  the  BoTxA  activity  have 
proved  to  be  instrument^  m  providing  clues  about  the  fusion  process.  These  peptides  are  suitable 
mrmcs  of  the  tojan  itself,  displaying  effective  inhibitoiy  activity  on  transmitter  release  by  disabling 
Ae  fusicm  machinery.  Peptides  designed  along  these  principles  may  find  clinical  application  as 
BoTx  substitutes  m  the  treatment  or  management  of  disorders  associated  with  involuntary  muscle 
spasms.  Alternatively  this  approach  may  be  conceived  as  a  means  to  devise  new  methods  for  the 
treatment  ^d  medical  management  of  BoTx  casualties.  The  impact  of  this  endeavor  would  be 
enormous  if  the  design  of  synaptic  vesicle-specific  fiisogenic  peptides  were  practically  realized  into 
safe  and  well  tolerated  agents  that  would  effectively  restore  neurotransmitter  release  and  bypass  the 
neuroparalytic  toxic  action  of  BoTxs.  j-p  ui«^ 

cnt-  “k  conrtbution  of  this  program  is  the  discovery  of  potentiation  of  BoTxA  protease 

acfivity  by  tyrosine  phosphorylation.  This  key  finding  underscores  the  requirement  to  screen  for 
potential  blockers  using  the  pharmacologically  relevant  target,  namely  tyrosine  phosphorylated 
toxin,  presumably  the  biologically  active  form  of  the  toxin  within  the  cells.  Thus,  a^ foJ^s  on 
intracellular  inhibition  of  tyrosine  kinases  and/or  activation  of  tyrosine  phosphatases  as  a  parallel 
pathway  for  intervention  m  BoTxA  toxicity  deserves  serious  consideration.  ^ 

Rr^TvA  program  was  the  identification  of  an  ion  channel-forming  motif  in 

ThJc«  f-  S  play  a  fiinctional  role  in  the  ion  channel-forming  activity  of  intact  BoTxA 

^  amphipathic  a-helices  as  a  plausible 

structural  motif  uiiderlying  the  BoTxA  channel.  The  ion  channel  activity  of  the  HC  may  be 

abrogated  by  identifying  effective  open  channel  blockers.  Assay  of  channel  blocking  activity  is 
single  channel  recordings  of  the  BoTxA  HC  reconstituted  in  lipid  bilayLs. 

the  concept  that  open  channel  blockers  may  be  a  single 
ass  of  drugs  effective  against  all  BoTxs  isoforms.  The  potency  of  such  agents  may  in  Drinciole 
be  augmented  by  combimng  active  compounds  against  both  the  protease  and  channel  acfivifief  of 
the  toxin  which  are  considered  necessary  for  its  neurotoxicity.  or 
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*The  abbreviations  used  are:  BoTx,  botulinum  neurotoxin;  TeTx,  tetanus  neurotoxin;  HC,  heavy 
chain;  LC,  light  chain;  DTT,  dithiothreitol;  PAGE,  polyacrylamide  gel  electrophoresis;  NGF,  nerve 
growth  factor;  RIP  A,  radioimmunoprecipitation  assay;  SNAP-25,  synaptosomal  associated  protein 
of  25  kDa;  PTP-IB,  protein-tyrosine  phosphatase  IB;  mAb,  monoclonal  antibody.  ESUP, 
excitation-secretion  uncoupling  peptide;  VAMP,  vesicle  associated  membrane  protein;  NSF,  N- 
ethylmaleimide-sensitive  fusion  protein;  SNAP,  soluble  NSF  attachment  protein;  SNARE,  SNAP 
receptor;  v-SNARE,  vesicle  SNARE;  t-SNARE,  target-SNARE;  POPE/POPC  l-palmitoyl-2- 
oleoyl-5n-glycero-3-phosphoethanolamine  (POPE)  and  l-palmitoyl-2-oleoyl-5n-glycero-3- 
phosphocholine  (POPC);  TFE,  trifluoroethanol;  y,  single  channel  conductance;  Tq  and  Xq,  channel 
open  and  closed  lifetimes. 
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FIGURES 

Fig.  1.  A  synthetic  peptide  representing  the  C-terminal  sequence  of  SNAP-25 
inhibits  calcium-regulated  exocytosis  from  permeabilized  chromaffin  cells. 

Digitonin  permeabilization  lasted  5  min  and  radiolabeled  noradrenaline  secretion  was  evoked  in  the 
absence  (5  mM  EGTA)  or  presence  of  calcium.  (A)  Inhibition  of  exocytosis  is  sequence-specific. 
Shown  is  the  effect  on  the  basal  and  calcium-stimulated  release  of  100  pM  of  SNAP-25  (187- 
206)[SNKTRIDEANQRATKMLGSG],  SNAP-25(195-201)[ANQRATK],  SNAP-25(  187-206)’^^ 
[TDSSGREMIKANKLANGTR],  and  SNAP-25(49-59)[MLDEQGEQLER].  (B)  Dose-dependent 
inhibition  of  calcium-evoked  secretion  by  SNAP-25(  187-206).  Net  release  is  expressed.  Data  are 
mean  ±  SEM  from  4  different  experiments  performed  in  triplicate.  Statistical  significance  was 
assessed  using  the  Student’s  i-test.  *P  <  0.01  as  compared  with  control  in  the  absence  of  peptide. 

Fig.  2.  ESUP-A  blocks  catecholamine  secretion  in  permeabilized  chromaffin  cells 
evoked  by  the  second  of  two  consecutive  Ca^*  pulses.  Secretion  was  elicited  by  10  |iM 
of  free  Ca^’’’  or  in  basal  media  (5  mM  EGTA)  for  2  min  (F‘  pulse).  Media  were  collected  and  cells 
were  incubated  for  5  min  in  Ca^'^^-free  buffer.  Thereafter,  a  10  min  Ca^’’^  stimulation  was  applied 
(2"‘‘  pulse).  Three  conditions  were  assayed:  Control;  cells  incubated  with  100  pM  ESUP-A 
(SNKTRIDEANQRATKMLGSG);  and  cells  exposed  to  100  pM  ESUP-A‘^‘^“,  a  20-mer  peptide  with 
the  same  amino-  acid  composition  of  ESUP-A  but  random  sequence 
(TDSSGREMIKANKQLANGTR).  The  CPM  released  from  control  cells  under  basal  conditions  were 
~4,000,  and  increased  to  -13,000  after  stimulation  with  10  mM  Ca^’’’.  The  total  number  of  counts 
obtained  from  detergent-permeabilized  cells  was  -130,000.  Thus,  the  normalized  basal  and  the 
Ca^^-evoked  release  represent  the  3.5%  and  —10%  of  the  total  secretion,  respectively.  Data  are 
given  as  mean  ±  SEM  with  n  (number  of  experiments  performed  in  triplicate)  =  4. 

Fig.  3.  ESUP-A  affects  the  ATP-dependent  step  of  the  exocytotic  process.  Ca^’’^- 
evoked  catecholamine  secretion  was  elicited  in  presence  (left)  or  absence  (right)  of  2  mM  Mg- ATP 
at  37  “C.  Three  conditions  were  assayed:  Control;  100  pM  ESUP-A;  and  100  pM  ESUP-A'^°'^. 
Catecholamine  secretion  was  triggered  with  10  pM  Ca^’’’  for  10  min.  Basal  secretion  was  evoked 
with  5  mM  EGTA.  Net  release  denotes  the  release  in  excess  of  that  obtained  under  basal 
conditions,  as  indicated  in  Fig.  2.  Data  are  given  as  mean  ±  SEM  with  n=4,  (experiments 
performed  in  triplicate).  Other  conditions  were  the  same  as  described  in  the  legend  to  Fig.  2. 

Fig.  4.  ESUP-A  induces  changes  in  chromaffin  granule  distribution  after  Ca^^ 
stimulation  of  digitonin-permeabilized  cells.  Cells  were  permeabilized  as  described  in 
presence  or  absence  of  peptide.  Secretion  was  triggered  with  10  pM  Ca^""  for  10  min.  Thereafter, 
cells  were  collected  by  low  speed  centrifugation  (lOOOxg,  2  min),  fixed  and  processed  for  electron 
microscopy.  (A)  Photomicrographs  of  cells  incubated  in  a  5  EGTA  medium  without  added 
Ca  *  (Unstimulated).  (B)  Cells  stimulated  with  10  pM  of  free  Ca^'’(Ca^^-stimulated).  (C)  Ca^^- 
stimulated  cells  in  the  presence  of  100  pM  of  ESUP-A.  (D)  Ca^'^'-stimulated  cells  treated  with 
BoTxA.  BoTxA  (100  nM)  inhibited  -60%  of  Ca^'^-induced  neurotransmitter  release.  N  denotes  the 
cell  nucleus.  Magnification  is  4,000-fold  for  (A)  and  6,000-fold  for  (B,  C,  and  D). 

Fig.  5.  Tyrosine  phosphorylation  of  Clostridial  neurotoxins,  a.  Src  phosphorylates  the 
HC  and  LC  of  BoTxA,  BoTxB,  BoTxE  and  TeTx.  The  autoradiograms  display  incorporation  of 
P  into  both  LC  (Mr  -50,000)  and  HC  (Mr  -100,000).  Toxins  protein  concentration  was  250  nM; 
Src  (3  Units)  was  incubated  with  toxins  for  60  min  at  30  °C.  b.  Immunoblot  of  a  gel  as  that  shown 
in  a  probed  with  an  antiphosphotyrosine  mAb  (anti  P-Tyr).  c.  BoTxA  was  strongly 
phosphorylated  by  Src,  but  not  by  PKA  or  PKC;  PKC  produced  weak  phosphorylation  of  the  HC. 
Autoradiograms  display  incorporation  into  protein. 
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Fig.  6.  Kinetics  of  BoTxA  phosphorylation  and  dephosphorylation  hy  Src,  and  of 
the  augmentation  of  BoTxA  protease  activity  by  protein  tyrosine  phosphorylation. 

a.  Extent  of  P  incorporation  into  BoTxA  HC  and  LC  as  function  of  incubation  time  in  presence  of 
Src.  BoTxA  was  incubated  with  Src  (3  Units)  at  30  °C  for  the  indicated  time  periods,  as  described 
in  Fig.  5.  The  middle  band  {Mr  -55,000)  corresponds  to  autophosphorylated  Src.  b.  Tyrosine- 
phosphorylated  BoTxA  is  enzymatically  dephosphorylated  by  FTP- IB.  Tyrosine-phosphorylated 
BoTxA  was  incubated  with  PTP-IB  for  the  indicated  time  periods.  Controls  include  omission  of 
PTP-IB  or  its  inhibition  by  200  mM  Na  orthovanadate  (VO4)  (last  lane),  c.  The  extent  of 
phosphorylation,  0-120  min  (1)  and  dephosphorylation,  120-240  min  (m)  were  quantified  using 
an  image  analyzer;  dashed  lines  are  controls,  d.  Tyrosine  phosphorylation  of  BoTxA  is 
accompanied  by  augmentation  of  protease  activity.  Fluorograms  display  the  mobility  change  of  in 
vitro  translated  SNAP-25  due  to  proteolysis  by  BoTxA  as  function  of  phosphorylation  time  by  Src; 
u=uncut  and  c=cleaved.  First  and  last  lanes  show  controls  in  which  Src  and/or  BoTxA, 
respectively,  were  omitted,  e.  Dephosphorylation  of  BoTxA  reduces  its  protease  activity.  Last  lane 
shows  the  control  in  presence  of  200  mM  VO4./  Extent  of  proteolysis  of  SNAP-25  as  function  of 
phosphorylation  of  BoTxA  by  Src,  0-90  min  (1)  and  dephosphorylation  by  PTP-IB,  90-210  min 
(m),  quantified  by  image  analysis  as  in  c;  dashed  lines  are  controls  denoting  omission  of  BoTxA  (1) 
or  presence  of  VO4  (m).  Cleavage  reaction  time  was  5  min  for  d  and  15  min  for  e.  Toxin 
concentration  was  10  nM.  Control  samples  include  omission  of  kinases  and  for  Src,  in  addition, 
preincubation  with  peptide  A. 

Fig.  7.  Augmentation  of  BoTx  protease  activity  by  protein  tyrosine 
phosphorylation  is  accompanied  by  increased  thermal  stability,  a.  A.  Cleavage  of 
SNAP-25  translated  in  vitro  by  unphosphorylated  BoTxA  (U)  or  tyrosine  phosphorylated  BoTxA 
(P)  as  function  of  [BoTxA]  or  incubation  time  at  a  fixed  [BoTxA]  (10  nM).  B.  Extent  of  SNAP-25 
cleavage  as  function  of  [BoTxA]  and  incubation  time  quantified  by  image  analysis  of  the 
fluorograms  shown.  C.  Tyrosine  phosphorylation  of  BoTxE  increases  its  protease  activity. 
Comparison  of  the  cleavage  of  SNAP-25  by  unphosphorylated  BoTxE  (U)  or  tyrosine 
phosphorylated  BoTxE  (P)  as  function  of  [BoTxE]  or  incubation  time  at  a  fixed  [BoTxE]  (10  nM). 
D.  Extent  of  SNAP-25  cleavage  as  function  of  [BoTxE]  or  incubation  time  quantified  by  image 
analysis  of  the  fluorograms  shown,  b.  Increased  thermal  stability  of  BoTxA  by  tyrosine 
phosphorylation.  Phosphorylated  and  unphosphorylated  neurotoxins  were  incubated  at  either  22  °C 
or  37  C  for  the  indicated  times  and,  thereafter,  assayed  for  proteolytic  cleavage  of  in  vitro 
translated  SNAP-25  at  a  fixed  [BoTxA]  (20  nM)  for  15  min  at  30  °C.  Fluorograms  were 
quantified  as  described  in  Fig.  6;  phosphorylated  (0,0)  and  unphosphorylated  (■,•)  BoTxA.  c. 
Tyrosine  phosphorylation  stabilizes  the  protease  activity.  BoTxA  was  incubated  at  37  °C  for  6  h, 
phosphorylated  by  Src  for  60  min  at  30  °C  and  assayed  (H);  non-phosphorylated  samples  (®)  were 
equivalent  but  Src  was  omitted.  Other  conditions  as  described  for  Fig.  6. 

Fig.  8.  Intracellular  tyrosine  phosphorylation  of  BoTxA  LC  in  NGF-differentiated 
PC12  cells,  a.  Cell  extracts  probed  with  an  anti-BoTxA  LC  mAb  {top),  an  anti-SNAP25  mAb 
{middle),  and  immunoprecipitates  of  tyrosine  phosphorylated  proteins  {bottom)  from  NGF- 
differentiated  PC  12  cells  treated  with  100  nM  BoTxA  that  were  subjected  to  the  following 
conditions:  incubation  with  75  mM  KCl,  in  presence  (1.8  mM  CaCl2  )  or  absence  (3  mM  EGTA) 
of  extracellular  Ca^‘'’-for  5  min  at  37  °C.  The  immunoprecipitates  were  washed,  analyzed  by  10% 
SDS-PAGE  under  non-reducing  conditions  and  immunoblotted  with  a  mAh  against  the  N-terminal 
half  of  BoTxA  LC  (mAb#9).  Immunoblotting  with  an  anti-BoTxA  HC  niAb#6  produced  no 
detectable  signal.  Whole  cell  extracts  and  immunoprecipitates  were  analyzed  in  12%  SDS-PAGE 
gels  under  reducing  and  non-reducing  conditions,  respectively.  The  diffuse  bands  appearing  on  the 
anti-LC  blot  of  ceU  extracts  {top)  above  the  sharp  bands  corresponding  to  the  BoTxA  LC  arise 
from  background  immunoreactivity  against  the  second  Ab  (antimouse  serum).  The  diffuse  band 
appearing  on  the  anti-LC  blot  of  the  IP  {bottom)  in  absence  of  BoTxA  corresponds  to  the  heavy 
chain  of  the  immunoglobulin  with  a  M,  of  50,000  which  is  in  the  same  range  as  that  of  LC.  b.  Data 
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of  three  different  experiments  such  as  that  shown  in  a  were  quantified  by  image  analysis  and 
plotted  in  arbitral  units  ±  SEM.  Note  the  sharp  enhancement  of  LC  tyrosine  phosphorylation  only 
in  cells  treated  with  BoTxA  after  depolarization  with  KCl  in  the  presence  of  calcium. 

Fig.  9.  Mass  spectrum  of  the  purified  BoTxATM  synthetic  peptide,  m/z  is  the  mass- 
to-cnarge  ratio. 

1%  currents  from  POPE/POPC  hilayers  containing  the 

fvTf  recorded  at  V=  100  mV  in  symmetric  0.5  M  NaCl  (A.B)  or 

KCl  (C,D),  1  mM  CaCl2,  5  mM  Hepes  pH  7.4.  Segments  of  a  continuous  record  are  displayed  to 

c  WUQ  S7s  ch^d'(D)  to  Ka“'  ■"  P® 

Fig.  11.  Current  histograms.  Current  histograms  for  the  primary  conductances,  generated  from 

several  minutes,  are  displayed  in  (A)  for  KCl  and  in  (B)  for 
Hi;’  p  and  OPEN  denote  closed  and  open  states.  The  probability  of  the  channel  being 

>£ri’  P  ’  i  corresponding  Gaussian  curve.  In 

hii’  HiT  ~  ^'V'  single-channel  current  is  calculated  as  the  difference 

between  the  peaks  associated  with  the  closed  and  open  states.  The  corresponding  values  for  single 
channel  conductances  are  29  pS  (KCl)  and  12  pS  (NaCl).  Records  filtered  at  1  kHz. 

characteristics  of  the  single-channel  events  of 
BoTxATM  channel  in  symmetric  0.5  M  NaCl.  The  single-channel  I-V  is  ohmic  with  a 
slope  conductance  of  12  pS  for  the  most  frequent  event.  Currents  reported  as  mean  values  ±  S.D.; 
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